Human lung fibroblasts develop a cytopathic effect (CPE) when infected with Mycoplasmapneumoniae. This study was designed to determine the relationship between host cell metabolism and the formation of the CPE. Human lung fibroblasts were grown in different serum concentrations, plated at different densities, and grown for different periods of time to alter the metabolic activity of the cells. Deoxyribonucleic acid, ribonucleic acid, and protein syntheses were measured by the ability of the cells to incorporate thymidine, uridine, and leucine, respectively. With each treatment, leucine incorporation remained constant. Thymidine and uridine incorporation was higher when the cells were in high serum, at low cell densities, or grown for 2 or 3 days. The appearance of an observable CPE, which was corroborated with a protein synthesis assay, correlated closely with thymidine and uridine incorporation. A more pronounced CPE was seen when thymidine and uridine incorporation was high. In addition, it was found that the first 2 h after infection by M. pneumoniae were the critical hours in determining whether a CPE would develop. This was accomplished by altering the serum concentration of the culture medium at different times postinfection and thereby altering the metabolism of the fibroblasts. These results demonstrate the importance of the metabolic state of the host cells in studying mycoplasma infections and establish a correlation between the nucleic acid metabolism of the cells and the production of a CPE.
Human lung fibroblasts develop a cytopathic effect (CPE) when infected with Mycoplasmapneumoniae. This study was designed to determine the relationship between host cell metabolism and the formation of the CPE. Human lung fibroblasts were grown in different serum concentrations, plated at different densities, and grown for different periods of time to alter the metabolic activity of the cells. Deoxyribonucleic acid, ribonucleic acid, and protein syntheses were measured by the ability of the cells to incorporate thymidine, uridine, and leucine, respectively. With each treatment, leucine incorporation remained constant. Thymidine and uridine incorporation was higher when the cells were in high serum, at low cell densities, or grown for 2 or 3 days. The appearance of an observable CPE, which was corroborated with a protein synthesis assay, correlated closely with thymidine and uridine incorporation. A more pronounced CPE was seen when thymidine and uridine incorporation was high. In addition, it was found that the first 2 h after infection by M. pneumoniae were the critical hours in determining whether a CPE would develop. This was accomplished by altering the serum concentration of the culture medium at different times postinfection and thereby altering the metabolism of the fibroblasts. These results demonstrate the importance of the metabolic state of the host cells in studying mycoplasma infections and establish a correlation between the nucleic acid metabolism of the cells and the production of a CPE.
The mechanism by which Mycoplasma pneumoniae induces a cytopathic effect (CPE) in host cells is not clearly defined. Most of the studies on the interaction of M. pneumoniae with host cells have been done by using the hamster tracheal organ culture model (3, 6-10, 15, 16) . However, there are several disadvantages to this model. These include a relatively low ratio of target tissue to total tissue present, a lack of quantitative methods to accurately measure damage to the tissue, and the large amount of nonspecific binding by M. pneumoniae to surfaces of the tracheal cultures which are not lined with ciliated epithelium (5, 8) . In spite of these problems, considerable progress has been made with this model. Infection of tracheal organ cultures by virulent M. pneumoniae caused a decrease in uptake of amino acids, orotic acid, and galactose as well as a decrease in protein and ribonucleic acid (RNA) synthesis (15) . In addition, tracheal explants were shown to have significant decreases in dehydrogenase activity (9) , adenosine triphosphate content (10) , and oxygen uptake (6) after infection by virulent M. pneumoniae.
We have used a human lung fibroblast model to investigate further the interactions of M. pneumoniae with a host cell. The model has the advantages of consisting of only a single cell type and having a high degree of specific binding by the mycoplasmas (12) , the ability to support growth of M. pneumoniae (20) , and the development of a CPE which can be easily measured. The CPE in this system consists of fibroblasts rounding up and coming off of the cover slips on which they were grown. This is the same type of CPE seen in earlier work by Eaton in which he infected human embryonic lung cells with the atypical pneumonia agent (4) .
With this model, we have attempted to determine the effects of host cell metabolism on the interaction between the mycoplasma and the fibroblast. Serum content of the cultivation medium is known to alter the metabolism of cells in culture (2, 13, 14, 21) . High serum content stimulates cell growth, whereas low serum content slows cell growth. Another method of altering cell metabolism involves growth of the cells at different densities. After plating, the cells go through a brief, poorly defined lag period (24 h), followed by a period of rapid cell division (24 to cells are confluent, cell proliferation slows down considerably (24) . Human 2 h. The medium was aspirated off, and 2.0 ml of cold 5% trichloroacetic acid was added. This trichloroacetic acid was then aspirated off and replaced with 2.0 ml of fresh cold 5% trichloroacetic acid. The cover slips were then washed three times in separate phosphate-buffered saline baths, placed in scintillation vials, and counted as described above.
Statistics. The Wilcoxon rank test was used to determine probability (P) values (25) .
RESULTS
Determination of a CPE. Uptake of [3H]-leucine was used to quantitate objectively the damage which the monolayer of MRC-5 cells sustained due to M. pneumoniae infection. The fibroblasts were infected with 10i colony-forming units (CFU) of mycoplasmas per ml. Figure  1 shows the total uptake of leucine by the fibroblasts 72 h after infection for the indicated labeling time. The Trichloroacetic acid precipitation to measure label that had actually gone into protein gave the same relative results as did total uptake (Fig.  2) . The trichloroacetic acid-precipitable values obtained were typically 25% of the total uptake for each group.
The measurement of the uptake of labeled leucine by the infected fibroblast cultures can be best expressed as a CPE ratio to indicate the degree of the cytopathic effect. The CPE ratio is defined as the (counts per minute of leucine uptake in infected cover slip cultures/counts per minute of leucine uptake in control cultures) x 100. By this definition, a high CPE ratio indicates little or no CPE, whereas a low CPE ratio indicates a pronounced CPE.
Effect of age of the culture on infection. One way to examine differences in fibroblast metabolism and their effects on infection by mycoplasmas is to infect the cover slip cultures on succeeding days after plating the cells. At the different times, the metabolism of the cells will vary between rapid growth (24 to 48 h after plating) and slow growth (0 to 24 and beyond 72 h after plating). For ml and incubated to allow the CPE to develop. The CPE was measured as already described. The ability of the cultures to incorporate thymidine, uridine, and leucine was determiined at the time of infection.
The results of the effect of cell growth on infection by M. pneumoniae and on DNA, RNA, and protein syntheses are shown in Fig. 3 . At all time points, leucine incorporation fluctuated little. At 24 h after the cells were plated, thymidine and uridine incorporation was low. Cells infected at this time exhibited little CPE. At 48 h, thymidine and uridine incorporation increased significantly (P < 0.001), whereas the CPE ratio decreased (indicating a more pronounced CPE). At 72 h after plating, thymidine incorporation by the fibroblasts increased even further, along with a slight increase in uridine incorporation. The CPE ratio, in relation, decreased even more. By 96 and 120 h after the cells were plated, thymidine and uridine incorporation decreased. The CPE ratio increased at these times, indicating that the fibroblasts suffered less damage from the mycoplasma infection.
Effect of alteration of cell density. were infected with 2.0 x 108 CFU of M. pneumoniae per ml. At the same time, the ability of the fibroblasts to incorporate thymidine, uridine, and leucine was determined.
The results of the effects of the various cell densities are shown in Fig. 4 . As in other experiments, leucine incorporation remained fairly constant with the different conditions. At high cell density (4.0 x 105 cells per dish), thymidine and uridine incorporation was low. As cell density decreased, thymidine and uridine incorporation increased and then leveled off at densities of 5.0 x 10' celLs per dish and less. Conversely, at high cell density, the CPE ratio was high, indicating little CPE. As the cell density decreased, the CPE ratio decreased. The degree of infection, as measured by the CPE ratio, was closely related to thymidine and uridine metabolism. As thymidine and uridine incorporation in the fibroblasts increased, the ability of the mycoplasmas to cause a CPE in the fibroblasts increased.
Effect of serum concentration on infection. The effect of several concentrations of serum on the fibroblasts and the ability of the mycoplasmas to cause a CPE in these fibroblasts was studied. Fibroblasts were seeded at a concentration of 105 celLs per dish and incubated for 24 h. Next, the cover slip cultures were transferred to fresh BME containing either 0, 1, 10, or 20% serum and incubated for 24 h. After this incubation time, incorporation of leucine, thymidine, and uridine was determined for each group of fibroblasts. Each group was also infected with 3.0 x 108 CFU of M. pneumoniae strain PI 1428 per ml. The CPE which developed in these cells was measured as described. Figure 5 shows the results of this experiment. With increasing serum concentration, leucine incorporation increased only slightly. Thymidine incorporation increased more than 10 times as the serum concentration was increased from 0 to 10% serum (P < 0.001) and remained high in 20% serum. Uridine incorporation increased five times as the serum concentration was increased from 0 to 10% serum (P < 0.001), but decreased when the serum concentration was increased from 10 to 20% serum (P s 0.001).
The CPE, as measured by leucine uptake, appeared to be directly related to thymidine incorporation and less closely related to uridine incorporation. As thymidine and uridine incorporation increased, the CPE ratio decreased, indicating a more pronouced CPE in high serum.
Effect of altering the serum concentration on mycoplasma infection. We altered the serum concentration before and after infecting the fibroblasts to determine at what time the concentration of serum affected the outcome of the infection. In this experiment, the cells were seeded at a concentration of 105 cells per dish in BME with 10% FCS. After 24 h, one-half of the cover slip cultures were transferred to fresh BME with 10% FCS, and the other half of the cultures were transferred to BME with 1% FCS. After 24 h, the fibroblasts were infected with 1.5 x 108 CFU of M. pneumoniae per ml, as usual. After infection, one-half of each group was placed in BME with 10% FCS, and the other half was placed in BME with 1% FCS. At 24 and 48 h postinfection, one-third of the cover slips from each group in 10% serum were transferred to 1% serum, and one-third of the cover slip cultures from each group in 1% serum were transferred to 10% serum. At 72 h postinfection VOL. 31, 1981 on October 27, 2017 by guest http://iai.asm.org/ Downloaded from the CPE was determined as usual (Fig. 6) .
All cover slip cultures that were incubated in 10% serum for the first 24 serum. At 1, 2, 4, 8, 12 , 18, and 24 h after infection, cover slip cultures from each group were transferred to BME with the different serum concentration (1 or 10%). At 72 h after infection, the CPE ratio was determined for each group as usual ( Table 1) .
The cultures incubated in 10% serum for only 1 h and transferred to 1% serum show little CPE (the ratio was virtually the same as that of the cultures incubated for 72 h in 1% serum). Maintaining the fibroblasts in 10% serum for at least 2 h before transferring them to 1% serum, however, caused a dramatic shift from the 1-h incubation; these cultures had a marked CPE, with CPE ratios of 39 to 56.
The cultures incubated in 1% serum after infection showed somewhat different results. Those cultures in 1% serum for only 1 h had a CPE ratio of 62, an intermediate value. Longer incubation in 1% serum increased the ratio (values of 68 to 78). None of the cultures incubated in 1% serum for any length of time showed the low CPE ratios seen with 10% serum.
DISCUSSION
The outcome of an infection by M. pneumoniae is known to depend on the metabolic state of the mycoplasmas (7) . The effect of the metabolic state of the host has not previously been investigated. Serum has been shown to stimulate cell growth in culture in many circumstances (22, 26) . Lack of serum, conversely, has been shown to inhibit the growth of cells in culture. When cells are starved for serum, DNA synthesis stops. An exposure to serum for as little as 2 h can stimulate the cells to initiate DNA synthesis (24) . RNA metabolism is also stimulated by serum, as is protein synthesis, although to a lesser degree. Density inhibition is another way to diminish the metabolism of cells. When den- on October 27, 2017 by guest http://iai.asm.org/ Downloaded from sity is inhibited, the cells stop multiplying, but continue to maintain metabolic activity. In this study, we wished to determine whether actively growing fibroblasts were more susceptible to damage than were resting fibroblasts. Fibroblasts which had been treated in different ways to alter metabolism were infected with M. pneumoniae. The CPE, or damage to the monolayer, was determined by measuring the ability of the fibroblasts which remained on the cover slips to take up a labeled amino acid. This method corroborated quantitatively the visually observed CPE. Similar methods have been used in other systems (17) . Fibroblast monolayers infected with virulent M. pneumoniae incorporated significantly less label than did uninfected monolayers. As total label uptake and trichloroacetic acid-precipitable label give the same results in comparing infected monolayers to control monolayers, either method can be used to follow infection. For further studies, total uptake of label was chosen as the preferred method for reasons of convenience.
Since thymidine, uridine, and leucine incorporation are indices of DNA, RNA, and protein synthesis, respectively, they serve as measures of the different metabolic pathways of the cells being studied. The incorporation of these compounds by the fibroblasts was measured to determine whether there was any correlation between the production of a CPE in the fibroblasts and DNA, RNA, or protein synthesis. This correlation was observed by manipulating the fibroblasts in three ways: altering the serum concentration of the growth medium, allowing the cells to grow for different lengths of time, and plating the cells at different densities. Each treatment gave similar results.
Protein synthesis, indicated by leucine incorporation, did not appear to change significantly in relation to RNA and DNA synthesis. DNA synthesis varied 10-fold, whereas protein synthesis varied at most 1.5-to 2-fold. Those results are similar to those in other systems. Wiebel and Baserga (26) found a 10-fold increase in thymidine-labeled cells after stimulation by serum. At the same time, protein synthesis was stimulated only 1.5-fold. In another study (1), density inhibition did not significantly affect protein synthesis.
In some systems, however, protein synthesis shows the same response to altered growth conditions that RNA and DNA syntheses show (23) . It is probable that the results are dependent on the model and the experimental protocol. A major factor involved is the specific cell type used. For our studies, we used human embryonic lung fibroblasts, MRC-5 cells. The study which found results similar to ours (26) also used human embryonic lung fibroblasts, although a different line, WI-38. In studies which found increased protein synthesis in response to different culture conditions (23) , a different cell line, hamster embryo fibroblasts, was used.
Whereas there was no significant change in protein synthesis, DNA and RNA syntheses changed markedly with the different treatments.
The data indicate that the production of a CPE is very closely correlated with DNA metabolism and possibly also correlated with RNA metabolisn. Whenever thymidine incorporation was low (whether the fibroblasts were in low serum or were density inhibited), little CPE was observed. Conversely, whenever thymidine incorporation was high, a very strong CPE was observed. Basically, the same pattern was seen with uridine incorporation. Uridine incorporation did not increase as much as thymidine incorporation in each experiment. Also, at one point, in 20% serum, uridine incorporation actually dropped from the value in 10% serum, whereas thymidine incorporation remained high. With this treatment, a strong CPE was observed. This may indicate that RNA metabolism is not as closely correlated to the production of a CPE as DNA metabolism.
Attachment studies were done to determine the effects of these various treatments on the ability of the mycoplasmas to attach to the fibroblasts. No significant differences could be found in the number of mycoplasmas attached per fibroblast which would correlate with the differences seen in the CPE (data not shown).
In addition to looking at the overall effects of various serum concentrations on infection, we studied two concentrations (1 and 10%) in more detail. We wanted to determine what time during the experiment the serum concentration of the medium was critical and whether we could alter the outcome of the experiment by changing the serum concentration of the mediunt. We observed that the first 24 h after the fibroblasts were infected were the crucial hours in determining whether a CPE would develop. Transfer of the cover slips to low serum, thereby slowing cell metabolismn, after this time could not inhibit the development of a CPE. Conversely, transfer of cover slip cultures from low to high serum could not augment the production of a CPE after 24 h.
One difference was noted, however. When the cultures were preincubated in low serum and placed back in low serum after infection, even less of a CPE was seen than when the cultures were preincubated in high serum and placed in low serum after infection (CPE ratios of greater than 100 compared with 80). This indicates that the metabolism of the cells at the time of infecVoi. 31, 1981 on October 27, 2017 by guest http://iai.asm.org/ tion is important in the development of the CPE. It is necessary to point out, though, that the preincubation in low or high serum made no difference when the cultures were placed in high serum after the infection.
To better define the critical time during the first 24 h after infection in determining whether a CPE would be produced, we altered the serum concentration of the medium during this time. The data indicate that the critical time is, in fact, the first 2 h after infection. When the cultures were transferred from high to low serum 1 h after infection, there was little CPE development. A transfer at 2 h postinfection, however, showed little inhibition of a CPE by the 1% serum, with good production of a CPE. Transfer at any time after 2 h yielded a similar CPE ratio, approximately 50.
In the prevention of a CPE by incubation in low serum, the results were not as distinct. Transfer of the cultures to high serum yielded an intermediate CPE (CPE ratio of 62) indicating that the first hour after infection is critical. When the cultures were transferred at 2 h after infection, less of a CPE developed. The CPE ratio varied between 68 and 78 for all the later times that the cultures were transferred to high serum. These data again indicate, however, that the first 2 h after infection are the critical times for the formation of a CPE.
This work has shown the need to consider the host cell metabolism when studying the pathogenesis of M. pneumoniae. Only under favorable conditions can the mycoplasma cause a cytopathic effect in the host cells, human lung fibroblasts. Favorable conditions, as found in this study, are conditions in which DNA and RNA metabolism is rapid. This implies a correlation between the ability of the mycoplasma to cause a CPE in these cells and the state of nucleic acid metabolism in the cells. As such, this may be a first step in defining the pathogenic mechanisms of M. pneumoniae infections.
